. Registration-based assessment of regional lung function via volumetric CT images of normal subjects vs. severe asthmatics. J Appl Physiol 115: 730 -742, 2013. First published June 6, 2013 doi:10.1152/japplphysiol.00113.2013.-The purpose of this work was to explore the use of image registration-derived variables associated with computed tomographic (CT) imaging of the lung acquired at multiple volumes. As an evaluation of the utility of such an imaging approach, we explored two groups at the extremes of population ranging from normal subjects to severe asthmatics. A mass-preserving image registration technique was employed to match CT images at total lung capacity (TLC) and functional residual capacity (FRC) for assessment of regional air volume change and lung deformation between the two states. Fourteen normal subjects and thirty severe asthmatics were analyzed via image registration-derived metrics together with their pulmonary function test (PFT) and CT-based airtrapping. Relative to the normal group, the severely asthmatic group demonstrated reduced air volume change (consistent with air trapping) and more isotropic deformation in the basal lung regions while demonstrating increased air volume change associated with increased anisotropic deformation in the apical lung regions. These differences were found despite the fact that both PFT-derived TLC and FRC in the two groups were nearly 100% of predicted values. Data suggest that reduced basal-lung air volume change in severe asthmatics was compensated by increased apical-lung air volume change and that relative increase in apical-lung air volume change in severe asthmatics was accompanied by enhanced anisotropic deformation. These data suggest that CT-based deformation, assessed via inspiration vs. expiration scans, provides a tool for distinguishing differences in lung mechanics when applied to the extreme ends of a population range. lung mechanics; quantitative computed tomography; image registration; air trapping; asthma ASTHMA AFFECTS MORE THAN 25 MILLION PEOPLE in the US and can be characterized by different symptoms, such as airflow obstruction, bronchial hyperresponsiveness, and airway inflammation (8). Identification of phenotypes serving to separate nonsevere asthmatics from severe asthmatics has been the focus of the National Institutes of Health (NIH)-sponsored multicenter Severe Asthma Research Program (SARP) (12, 35, 40, 41, 54) , and the search for phenotypes has included the acquisition of volumetric computed tomography (CT) scans of the lungs at total lung capacity (TLC) and functional residual capacity (FRC).
ASTHMA AFFECTS MORE THAN 25 MILLION PEOPLE in the US and can be characterized by different symptoms, such as airflow obstruction, bronchial hyperresponsiveness, and airway inflammation (8) . Identification of phenotypes serving to separate nonsevere asthmatics from severe asthmatics has been the focus of the National Institutes of Health (NIH)-sponsored multicenter Severe Asthma Research Program (SARP) (12, 35, 40, 41, 54) , and the search for phenotypes has included the acquisition of volumetric computed tomography (CT) scans of the lungs at total lung capacity (TLC) and functional residual capacity (FRC) .
Imaging techniques such as hyperpolarized magnetic resonance imaging (MRI) (1, 9, 16, 17, 49, 61) , positron emission tomography (PET), and single-photon emission CT (SPECT) (27, 29, 36, 43, 51) have been utilized for the exploration of functional defects and airway structural changes. Recently, hyperpolarized helium gas MRI has been compared with regional volume changes using paired lung volumes imaged via CT, and regional differences in lung function (expansion) were well matched (25) . CT and MRI as tools for quantitative assessment of the lung have been reviewed recently (53) . Although each method provides unique pieces of information regarding lung structure and function, CT has the ability to relate detailed structure together with regional lung function (33) . Over the past 30 years now, CT has been validated with regard to its ability to reflect regional air content of the lung (31) and parenchymal destruction in chronic obstructive pulmonary disease (COPD) (15, 24) .
Image-matching methods as used here have recently been demonstrated not only to reflect independent measures of regional volume changes (10, 22, 45, 58) but also to have shown the utility in differentiating airway vs. parenchymal phenotypes in a COPD population (23) . In addition, the imagematching-derived variables via CT have been compared with different modalities such as MRI, SPECT, and Xenon-CT (11, 38, 45) , and they have shown fairly significant correlations. With the demonstration that image registration between two lung volumes provides an accurate surrogate for regional lung function, we utilize CT image matching to assess regional differences in lung function of severe asthmatics relative to normal subjects.
In this study, we applied a mass-preserving nonrigid registration method (57, 58) with two breath-hold volumes (TLC and FRC) to study alteration of regional air volume change and lung deformation. In the previous studies (57, 58) , the method demonstrated the relatively accurate results even in large deformation based on landmarks selected at vessel bifurcations. The registration-derived variables can measure the features of the lung when deforming from one static state to the other, unlike existing air trapping measurements (7, 44) that are based on density measurements using a single volumetric image at FRC [or in other cases, residual volume (RV)].
The purpose of this study was to apply a newly emerging tool allowing for the matching of lung volume pairs imaged via CT, and we selected normal and severely asthmatic groups to evaluate the utility of such image registration methods in mapping alterations in regional lung mechanics. In addition, we correlated the registration-derived variables with existing traditional measurements such as pulmonary function test (PFT) measurements and air trapping, which have been commonly used for the study of asthma, to illustrate the implications of registration-derived measurements.
METHODS
Human subject data sets. Fourteen normal (10F) and 30 severe asthmatic (18F) subjects were chosen for this study. Demographic and pulmonary function data are provided in Table 1 . Both CT images of normal subjects and severe asthmatics were acquired at the University of Pittsburgh as part of the SARP consortium (12, 20, 40, 54) . The associated human studies, along with the imaging protocol, were approved by the Institutional Review Board at the University of Pittsburgh. CT images were gathered during coached breath-holds (TLC and FRC) in the supine position and then processed using the Pulmonary Workstation and Apollo software (VIDA Diagnostics, Coralville, IA). Scanning details are provided in Table 2 . Major criteria used to define severe asthma are provided in Ref. 54 and include treatments with oral corticosteroids and high-dose inhaled corticosteroids as well as minor criteria such as requirement for daily treatment with a controller medication of long-acting ␤-agonist, theophylline, or leukotriene antagonist.
Image registration and regional air volume change. The intensitybased mass-preserving image registration method (57, 58) was employed to match two CT lung images. Here, the CT images at TLC and FRC are used for the reference and floating images, respectively. The tissue and air fractions are estimated as follows. The image registration method is to determine a spatial transformation that matches the two images by minimizing a cost function C, which is called the sum of squared tissue volume difference (SSTVD), as shown below.
where V tissue ref (x) is the local tissue volume of the reference image, whereas V tissue f [T(x)] is the local tissue volume of the floating image. T(x), known as the warping function, provides a transformation that maps a local volume at location x in the reference image to the corresponding location in the floating image. A multilevel B-spline transformation technique is adopted to describe the warping function T(x). The finest number of control grids in the entire image domain is selected as 32 ϫ 32 ϫ 32, which has been an optimal number when considering accuracy and computational cost (13, 58 
. As a result, the regional air volume change ⌬Vair is obtained by the air volume differences between the reference image and the floating image as follows (56) :
Lung deformation. The volume change (measured by J) and the anisotropic deformation index (ADI) are employed to quantify lung deformation (2) . To obtain J and ADI, the deformation gradient tensor (F) is defined as follows (37) 
where ٌ is the vector gradient operator. F could be decomposed into a rotation tensor (R) and a stretch tensor (U); R is orthogonal, whereas U is symmetric and positive definite:
Cauchy-Green deformation tensor (F T F) is symmetric and positive definite due to the orthogonality of R and the nature of U, s denotes the eigenvector, and i * are the eigenvalues of the F T F of each local volume from TLC to FRC. In Eq. 7, both i * and i are positive, and i represents the principal strains along the principal directions of a deformed lung tissue element from FRC to TLC, where i ϭ 1/ ͙ i * with 1 Ͼ 2 Ͼ 3 Ͼ 0. With the eigenvalues (1, 2, 3), J and ADI are calculated as follows:
Physical interpretation of ⌬V air, J, and ADI. The three registrationderived variables ⌬Vair, J, and ADI are used to evaluate air volume change and lung deformation. First of all, ⌬V air reflects local air volume difference between the reference and floating images, measuring the amount of air entering (or leaving) a local region during inhalation (or exhalation). Second, J is defined as the ratio of
That is, if J ϭ 1 at a local volume, the local volume remains unchanged between the two lung volumes. If J Ͻ 1, the volume decreases from FRC to TLC (i.e., contracts), whereas if J Ͼ 1, it increases (i.e., expands). Because the tissue volume inside a local volume can be assumed to be unchanged, the change in local volume is due primarily to the change of air volume. Basically, ⌬V air and J are measurements for air volume change excluding tissue volume and lung volume change including tissue volume, respectively. In fact, both variables exhibit similar characteristics because tissue volumes during lung deformation remain unchanged. However, ⌬V air is the volume difference, whereas J is the volume ratio, and thus both would not have linear correlations.
The third variable ADI provides information on the preferential deformation of local lung volume (2). For example, if a local volume is stretched isotropically in all directions, namely 1 ϭ 2 ϭ 3, then Eq. 9 gives an ADI value of zero. With increasing anisotropy, ADI increases. An important feature of ADI is its independence from J. That is, even if two local volumes have the same J, their ADI values could be different (2) . Note that ADI measures the degree of anisotropy rather than the direction of anisotropy. Intrinsically, ⌬V air is derived from CT intensity I(x) at each local volume (Eq. 1), whereas J and ADI are derived from eigenvalues of deformation gradient tensor (Eq. 4) so that ⌬V air could provide a discrete field sensitive to the local CT intensity, and J and ADI could generate more smoothed fields by the first-order derivative of warping function. Air trapping. A voxel is regarded as an air-trapped voxel if the Hounsfield unit of the voxel at FRC is below Ϫ856 (this number varies Ϯ6 HU depending upon the studies) (7, 12) . Air trapping percentage "AirT%" is defined as the ratio of the number of airtrapped voxels over the number of voxels in the respective lobes (lobar AirT%) or in the whole lung (total AirT%). Lobar contribution to total air-trapped voxels is denoted by "AirT*", which is defined as the ratio of the number of air-trapped voxels in the lobe over the number of air-trapped voxels in the whole lung. Thus, the summation of AirT* values in the five lobes is equal to unity.
Data type and analysis. The aforementioned air volume change, volume change, and anisotropic deformation index (⌬V air, J, and ADI) are calculated for each local volume. ⌬Vair, J, and ADI are then normalized by their respective medians of the same subject, denoted by ⌬V air * , J*, and ADI*. Their spatial distributions are presented by lobe, lung height, and depth averaged over all subjects as well as for the whole lungs of selected individual subjects. Here, the normalized lung height Z* is measured from apical to basal (Z* ϭ 0 Ϫ 1), i.e., along the cranio-caudal axis, which is perpendicular to the normalized lung depth Y* from the nondependent (ventral) region to the dependent (dorsal) region of the lung (Y* ϭ 0 Ϫ 1). When being presented by lobe (or lung height), ⌬V air * , J*, and ADI* are the medians over all values in lobe (or at a given lung height). In this study, the left upper lobe, left lower lobe, right upper lobe, right middle lobe, and right lower lobe are denoted by LUL, LLL, RUL, RML, and RLL, respectively. To distinguish the features of severe asthmatics from normal subjects a mixed analysis of variance (ANOVA) and independent t-tests are performed for significance check with software R (36a); statistical significance is taken at P Ͻ 0.05. Table 1 In severe asthmatics, the %predicted values of both TLC and FRC are within the normal range and close to 100%. On the other hand, the %predicted values of FVC, FEV 1 , and FEV 1 /FVC of severe asthma are significantly smaller than those of normal subjects, as would be expected in severe asthma (40, 41) . In addition, consistent with severe asthma (47) , the %predicted values of RV and RV/TLC in the severe asthmatics indicative of airtrapping are higher than those of normal subjects (P Ͻ0.0005 and P Ͻ 5.0 ϫ 10 Ϫ6 , respectively). Figure 1 shows the linear correlations of lung volumes between upright PFT and supine CT. CT-based total lung volumes (TLV), including both air volume (AV) and tissue volume (TV), are significantly correlated with PFT-based measurements of TLC and FRC (see Fig. 1, A and B) . The upright PFT volumes and supine CT-based TLV are in similar ranges, being adjacent to the identity line. On the other hand, as shown in Fig. 1, C and D, CT-based AV tends to be consistently less than PFT volumes. Table 3 compares the ratios of CT-based TLV, AV, and inspiratory capacity (IC) over PFT measurements between normal subjects and severe asthmatics. In normal subjects, the CT-based air volumes at TLC (AV TLC ) and FRC (AV FRC ) decrease ϳ24 and 42%, respectively, compared with their corresponding PFT volumes. Similarly, AV TLC and AV FRC in severe asthmatics decrease ϳ24 and 36%, respectively, relative to their corresponding PFT volumes. The CT-based IC (CT) is reduced only 6 and 8% for normal subjects and severe asthmatics, respectively, compared with PFT measurements. Hence, the ratios of CT supine volumes to PFT upright volumes in severe asthmatics are not statistically different from those of normal subjects, as shown in Table 3 . Table 3 also shows that TV differences between TLC and FRC are ϳ0.03 and 0.04 liters, respectively, whereas AV differences between TLC and FRC are ϳ2.57 and 2.32 liters for normal subjects and severe asthmatics, respectively. The means of TV differences over TLC tissue volume are ϳ6% in both normal subjects and severe asthmatics. As a result, the difference of TV between TLC and FRC is much smaller than that of AV, supporting the assumption of SSTVD that TV change is negligible (see Table 3 ).
RESULTS

PFT.
Validation of CT-based lung volumes.
Mixed ANOVA. A mixed ANOVA test consisting of one between-subject variable and one within-subject variable was performed for two independent groups (normal subjects and severe asthmatics) and five lung regions (LUL, LLL, RUL, RML, and RLL), as shown in Table 4 . The ANOVA test evaluated six dependent variables, including lobar fraction of air volume change, ⌬V air * , J*, ADI*, AirT%, and AirT*. For the between-subject variable "groups," AirT% of severe asthmatics is different from normal subjects (P Ͻ 0.05) in entire lungs. As a result, a followup t-test was conducted to compare total AirT% between normal subjects and severe asthmatics (see Table 6 ). On the other hand, the differences in lobar fraction of air volume change, ⌬V air * , J*, ADI* and AirT* between normal subjects and severe asthmatics are not significant. This is because the dependent variables ⌬V air * , J*, and ADI* were normalized by the respective medians, and the summations of lobar fractions of air volume change and AirT* values in the five lobes are equal to unity, as described in METHODS. For within-subject variable "lung regions", six dependent variables indicate that each lobe has the different characteristics of air volume change, volume change, anisotropic deformation, and air trapping. The significant interactions between groups and lung regions of the lobar fraction of air volume change, J*, ADI*, and AirT* imply that the effect of the severely asthmatic group can affect regional difference of air volume change, deformation, and air trappings. Accordingly, the t-tests of these variables in five lobes of both normal subjects and severe asthmatics were performed.
Lobar fraction of air volume change. Based upon lobar segmentation data, Fig. 2 shows the mean Ϯ SE of lobar fractions of air volume change (lobar air volume change/whole lung air volume change) for normal subjects (black bars) and severe asthmatics (open bars). The t-test indicates that the difference in air volume change fraction in the upper and lower lobes between normal subjects and severe asthmatics is signif- 
Խ v is still observed in agecontrolled (P Ͻ 0.01) and BMI-controlled (P Ͻ 0.01) subgroups by controlling the sample number of severe asthmatics with age Ͻ50 yr (P ϭ 0.33 for age difference between 14 normal subjects and 17 severe asthmatics) and BMI Ͻ35 (P ϭ 0.25 for BMI difference between 14 normal subjects and 22 severe asthmatics), respectively. Thus, the difference between normal subjects (black bar) and severe asthmatics (open bar) is significant in upper and lower lungs rather than left and right lungs.
Spatial characteristics of averaged ⌬V air * , J*, and ADI*. Figure 4 shows that lobar air volume changes (⌬V air * ), volume changes (J*), and anisotropic deformations (ADI*) in normal subjects (black bars) and severe asthmatics (open bars) are significantly different, except for the RML. In normal subjects, ⌬V air * , J*, and ADI* of the lower lobes are higher than those of the upper lobes, as shown in Fig. 4 , but the difference diminishes in severe asthmatics. The redistributions of these quantities between upper and lower lobes in asthmatics are particularly evident in Fig. 5 , where the data are presented by lung height along the basal-apical axis. Figure 4 also shows that RML has the smallest air volume change (Fig. 4A ) and volume change (Fig. 4B ) but the highest anisotropic deformation (Fig.  4C ) among five lobes in both normal subjects and severe asthmatics. Subject-specific distributions of ⌬V air * , J*, and ADI*. To illustrate and inspect the spatial distributions of ⌬V air * , J*, and ADI* in individuals, a normal subject with a lobar air volume change ratio of U/(M ϩ L) Խ v ϭ 0.55 and a severely asthmatic subject with U/(M ϩ L) Խ v ϭ 0.81 were chosen because these U/(M ϩ L) Խ v values are close to the respective group (normal subjects and severe asthmatics) mean values. Both selected normal and severely asthmatic subjects have normal BMI, same sex, and race, but the selected severely asthmatic subject has the characteristics of airflow obstruction (low FEV 1 ) and air trapping (high RV) (see Table 5 ). In addition, air volumes of two selected subjects, AV TLC and AV FRC , are in the similar range. Figure 6 shows the lobar distributions of normalized air volume change (Fig. 6, A and D) , volume change (Fig. 6, B and E), and anisotropic deformation (Fig. 6, C and F) for the selected two subjects. The selected normal subject exhibits the overall characteristics found in the normal group, and the selected asthmatic subject shows an obvious shift in the upperand lower-lobe functions. As further shown in Fig. 6 , the medians of ⌬V air * , J*, and ADI* by lobe are fairly uniform in the severely asthmatic subjects, except for the RML.
For the normal subject, Fig. 7, A and B , demonstrates that the apical-basal and ventral-dorsal gradients exist with larger ⌬V air * and J* in the lower (80%, near base) and dependent (dorsal) regions and smaller ⌬V air * and J* in the upper (20%, near apex) and nondependent (ventral) regions. Figure 7C shows anisotropic deformation in the lower regions of the normal subject Values are means Ϯ SE. AirT%, air trapping percentage; AirT*, lobar contribution. A voxel at FRC image is treated as an air-trapped region if its CT intensity of less than Ϫ856 Hounsfield units. The difference between AirT% and AirT* is described in Air Trapping. ) . A, C, and E: AirT% of a normal subject: total, 0.5%; LUL, 0.9%; LLL, 0.2%; RUL, 0.6%; RML, 1.3%; RLL, 0.3% (AirT*: LUL, 37.6%; LLL, 7.8%; RUL, 20.7%; RML, 17.0%; RLL, 16.9%). B, D, and F: AirT% of a severely asthmatic subject: total, 14%; LUL, 14.4%; LLL, 5.0%; RUL, 9.3%; RML, 39.9%; RLL, 14.9% (AirT*: LUL, 24.1%; LLL, 7.8%; RUL, 11.6%; RML, 27.5%; RLL, 29.0%). Lobes are color-coded: LUL (green), LLL (blue), RUL (red), RML (purple), and RLL (orange).
and relatively isotropic deformation in the upper regions. In contrast, for the severely asthmatic subject, Fig. 8 , A-C, shows increased heterogeneity of air volume change, volume change, and anisotropic deformation with the lack of regional characteristics. For example, higher air volume change, larger volume change, and increased anisotropic deformation are found near the apex.
Air trapping. Table 6 shows the mean and Ϯ SE of total lung air trapping percentage (AirT%) and lobar contribution of the airtrapped voxels (AirT*) for normal subjects and severe asthmatics. It is noted that the total AirT% of severe asthmatics is much higher than that of normal subjects (P Ͻ 0.005), as observed in the ANOVA test. In addition, lobar contribution of air trapping (AirT*) is observed mainly in the upper lobes of both normal subjects and severe asthmatics, and AirT* is the highest in RML irrespective of asthma. Based on the t-test, the most statistically significant differences are found mainly in left lungs: LUL (P Ͻ 0.05) and LLL (P Ͻ 0.01). Specifically, AirT* increases in lower lobes of severe asthmatics relative to normal subjects. Figure 9 shows the spatial distributions of air-trapped clusters (CT intensity less than Ϫ856) in a normal subject and a severely asthmatic subject. Note that the two subjects are those discussed before in Figs. 6 -8. Figure 9 shows frontal ( Fig. 9 A  and B) , left lateral (Fig. 9, C and D) , and right lateral views (Fig. 9, E and F) of the two subjects with a series of spheres embedded, representing the volume and location of contiguous air-trapped voxels. Air-trapped clusters are color coded by lobes. More air-trapped regions are found in the entire lung of asthmatic subject, as shown in Fig. 9, B, D, and F. The percentages of air-trapped voxels (AirT%) in the entire lungs are 0.5 and 14%, and lower lobar air-trapping contributions (AirT*) are 24.7 and 36.8% for the normal and severely asthmatic subjects, respectively.
Tissue fraction. The tissue fractions (␤ tissue ; Eq. 1) are averaged with medians of 14 normal subjects and 30 severe asthmatics along ventral-dorsal and apical-basal axes to observe the differences of tissue fraction between normal subjects and severe asthmatics. Figure 10, A and B, show that tissue at TLC is almost uniformly distributed, and there seems to be little difference between normal subjects and severe asthmatics at TLC. In contrast, at FRC, tissue fraction of severe asthmatics on both axes decreases at all vertical levels relative to normal subjects. The difference is more evident near the dorsal regions (Y* ϭ 0.7-1; Fig. 10A ) and near the basal regions (Z* ϭ 0.7-1.0; Fig. 10B ). Since the summation of both air and tissue fractions is equal to unity, the decrease in tissue fraction implies an increase in air fraction.
The distributions of air volume at both TLC and warped FRC for the selected subjects are also displayed in Fig. 11 for comparison. The FRC image is warped into the TLC image domain by applying the transform for visual comparison. Similarly to the distributions of tissue fractions at TLC, the air volumes at TLC for both normal and severely asthmatic subjects are distributed uniformly. Meanwhile, the difference in lung shape between normal subjects and severe asthmatics is quantified by the ratio of apical-basal to ventral-dorsal lung extent at TLC. The ratios are 1.56 Ϯ 0.05 and 1.36 Ϯ 0.03 for normal and asthmatic subjects, respectively (P Ͻ 0.005). The morphological difference is still observed in both age-controlled and BMI-controlled asthmatic subjects (P Ͻ 0.005).
DISCUSSION
Comparison of CT-and PFT-based volumes.
In both normal subjects and severe asthmatics, the CT-based TLV (CT) and AV (CT) are significantly correlated with the PFT-based volumes at both TLC and FRC (see Fig. 1 ). In addition, TLVs (CT) are in similar ranges (ϳ90%) with PFT volumes (see Table 3 ), being consistent with the studies of Brown and colleagues (5, 6) . For air volume AV (CT), about 20 and 40% reductions from PFTs are measured at TLC and FRC, respectively, in both normal subjects and severe asthmatics (see Table 3 ).
It is known that supine CT-based air volumes are smaller than upright PFT measurements for several reasons. For example, the plethysmographic PFT includes dead space and gas in the abdomen, but CT includes only segmented lung regions. In addition, coaching TLC is difficult, and the change of body posture from upright to supine can decrease lung volumes (6, 14, 52) . The effect of body posture from upright to supine is particularly significant at FRC, resulting in about 30% reduction in PFT-based volumes (34, 42) . Therefore, our analysis is consistent with previous studies and further shows that the Fig. 10 . Means Ϯ SE of tissue fraction in TLC and FRC on dorsal-ventral axis (A) and on basal-apical axis (B) of both normal subjects and severe asthmatics. The TLC curves for normal subjects and severe asthmatics are difficult to distinguish because they are closely juxtaposed.
effect of body posture on air volume is uniform in both normal and severely asthmatic groups.
Characteristics of ⌬V air * , J*, and ADI* in normal lungs. Existing studies (31, 32, 55) indicate that ventilation of the dependent region of normal lungs is higher than that of the nondependent region in the supine posture (known as vertical gradient) due to the gravity. In addition to this gradient, several researchers (3, 4, 19, 21) have reported an apical-to-basal (horizontal) gradient of ventilation existing in the supine posture. Our quantitative analysis also shows both vertical and horizontal gradients of air volume change (⌬V air * ) and volume change (J*) in the deep breathing of normal lungs. In fact, the gradient of air fraction shall inversely correlate with the gradient of tissue fraction. As shown in Fig. 10 , the gradient of tissue fraction at FRC is greater than at TLC along both dorsal-to-ventral and basal-to-apical axes for normal subjects, consistent with the findings of others (31, 32, 46) . Therefore, air volume change (⌬V air * ) and volume change (J*) could depend on air volume distribution at FRC as well as lobar size distribution at TLC because air volume at TLC is distributed almost uniformly (see Fig. 11 ).
Amelon et al. (2) demonstrated that the eigenvector corresponding to the principal eigenvalue (see Eq. 7) orients mainly to the apical-basal axis, being approximately normal to the diaphragm plane. Therefore, the increased anisotropy (ADI*) near basal regions may reflect the directionality of diaphragm movement, as shown in Fig. 7C . In summary, in the case of normal subjects, relatively large volume change (⌬V air * and J*) and anisotropic deformation are observed in the basal and dependent regions, whereas relatively small volume change and isotropic deformation are observed in apical and nondependent regions.
Characteristics of ⌬V air * , J*, and ADI* in severely asthmatic lungs. The air volume change (⌬V air * ) in normal lungs increases gradually from the apex to the base (from 20 to 80%) and from the ventral to dorsal lung regions, whereas it becomes fairly uniformly distributed in severely asthmatic subjects (see Figs. 5, 7, and 8). Quantitatively, the lobar air volume change ratio of U/(M ϩ L) Խ v ϭ 0.78 in severe asthmatics is much higher than the air volume change ratio of 0.62 in normal subjects, as shown in Fig. 3B (P Ͻ 0.0005) . Furthermore, the air volume change and volume change (J*) in severe asthmatics increase in the upper lobes but decrease in the lower lobes compared with normal subjects. Accordingly, we demonstrated that reduced air volume change in severe asthmatics occurs mainly in the lower lobes, which could be substantiated by comparing the contours of air volume change capturing nearly 80% of the apical-to-basal distance, as demonstrated in Figs. 7A and 8A. The relatively small anisotropic deformation (ADI*) of the severely asthmatic subject near the basal region (80% in Fig.  8C ) might be due to the reduced directionality of diaphragm movement (see Table 1 ) in the asthmatic group. The geometric Fig. 11 . Distribution of air volume normalized with the respective mean of TLC (A), warped FRC image of a normal subject (B), TLC (C), and warped FRC image of a severely asthmatic subject (D). For 3-dimensional visualization at TLC domains, we define ϳ30,000 parenchymal cubical units to approximate lumped acini. Each cube consists of about 1,000 voxels given the current image resolutions.
shape of the severe asthmatic lung at TLC exhibits reduced lung height (apical-basal) and increased lung depth (ventraldorsal), which is also consistent with reduced ADI* in basal regions.
Relationships between air trapping, PFT, ⌬V air * , and tissue fractions. Air-trapping percentage (AirT%) of severe asthmatics increases significantly compared with normal subjects (P Ͻ 0.005), being consistent with existing studies (7) . The result is also substantiated with the tissue fractions at FRC in severe asthmatics, which are much smaller than in normal subjects on both dorsal-ventral and basal-apical axes, as shown in Fig. 10 . In addition to overall AirT%, the lobar distributions of airtrapping fractions (AirT*) at FRC are different between normal and severely asthmatic subjects (see Table 6 ). More specifically, air-trapping fraction in the lower lobes of the severely asthmatic subjects increases compared with normal subjects (see AirT* in Table 6 ), being consistent with the finding of Fain et al. (20) . Several imaging studies (1, 28 -30, 50) have reported that the areas of ventilation defect are observed mostly in the dependent and basal regions. Figure 10 , A and B, shows that tissue fractions of severe asthmatics are much smaller than those of normal subjects in gravitational-dependent and basal regions, thus implying air trapping and reduced air volume change. The results are consistent with existing studies for ventilation defects, qualitatively.
The PFT analysis of the severe asthmatics demonstrated that air trapping (RV/TLC) is correlated with airflow obstruction (FEV 1 /FVC). Thus, increased air trapping in the lower lobes of severely asthmatic subjects may be correlated with reduced air volume change. The PFT results shown in Table 1 demonstrate that TLC and FRC volumes for both normal and severely asthmatic subjects are close to the predicted values, and CT-based lung volumes are not different between normal subjects and severe asthmatics. Therefore, reduced air volume change in the lower lobes is compensated by increased air volume change from upper lung regions. Figures 4A and 5A suggest that reduced air volume change in the lower lung may be correlated with relatively increased air volume change of upper lobes, resulting in elevated volume change and anisotropic deformation in the upper lobes. A recent study based on registration of three lung CT images acquired at different inflation levels (60) demonstrated that air volume change depends much more on the lower lobes than the upper lobes at the beginning of expiration from TLC. Since FEV 1 is measured for 1 s at the beginning of expiration from TLC, the reduced air volume change of lower lobes observed in severe asthmatics may contribute to the reduced FEV 1 measured in PFT.
Characteristics of RML. Among the five lobes, RML has the smallest air volume change and volume change and the highest ADI in both normal and severely asthmatic subjects. In addition, significant air trapping is also observed in RML. Intuitively, RML has less freedom for deformation because it is bounded with both upper and lower lobes, resulting in smaller air volume change and volume change. The same constraint can also lead to more stretching and shearing, reflecting in a high anisotropic deformation. As noted before, J and ADI are independent measurements.
In conclusion, air volume change and lung deformation of severely asthmatic lungs were studied and compared with those of normal lungs. In the case of normal subjects, air volume change, volume change, and anisotropic deformation of lower lobes are higher than those of severely asthmatic subjects. As a result, the dependence of air volume change on lower lobes is greater than upper lobes. In contrast, in the case of severely asthmatic subjects, deformation of lower lobes is limited, as suggested by decreased volume change and reduced anisotropic deformation, resulting in increased volume change and enhanced anisotropic deformation in the upper lobes. This study also established some correlations between existing variables, such as PFT and an air-trapping measurement from a single CT image and registration-based quantities derived from two CT images, such as lobar fraction of air volume change, ⌬V air , J, and ADI. These new variables may potentially serve as sensitive measurements for the study of asthmatic lungs.
Limitations and future study directions. This study shall be extended to investigate the effects of age and BMI and the severity of asthma on registration-derived variables in the future. In addition, B-spline cubic interpolation provides the smoothed displacement field, which may result in more smoothed J* and ADI*. Therefore, the discontinuous effects of lobar slippage and boundary near diaphragm shall be investigated with the lung physiology (18, 59) . Furthermore, the trends of the ⌬V air * and J* in Fig. 5, A and B , in the range of Z* ϭ 0.85-1 are different, and the number of sample points in that region is much smaller than other regions due to TLC lung geometry. Yin et al. (58) reported that the registration errors in the regions near the diaphragm are greater than other regions. Thus, whether the discrepancy in this region is physiological requires further investigation.
